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In this paper, we present a theoretical study on excitonic absorption spectra of one-dimensional semiconduc- 
tor quantum wires. The carrier-carrier scattering is treated by the second Born approximation in the Markovian 
limit. The absorption spectra of different carrier densities and temperatures are discussed. The excitonic absorp- 
tion peak position and width show complicated dependence on carrier density and temperature, indicating the 
importance of carrier-carrier scattering. The behavior can be understood by the cooperative effects of exchange 
self-energy and Coulomb correlation due to carrier-carrier scattering. 
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I. INTRODUCTION 


Semiconductors, which have been used in radiation detec- 
tion, are important materials for nuclear science and technol- 
ogy [1].Both in theoretical and experimental studies, low di- 
mensional semiconductor structures have attracted much inter- 
est in recent years. In the longer term, compound semiconduc- 
tor may be used as radiation detectors with higher performance 
and without the limits of strain [2, 3]. Thus the research about 
properties of low dimensional semiconductors is of great im- 
portance. 

Semiconductor quantum wires (QWRs), in which electrons 
and holes are confined in one direction, are typical one- 
dimensional (1D) systems. The state of art QWR structures 
have been realized experimentally by molecular beam epitaxy 
with cleaved edge overgrowth and growth-interrupt annealing 
techniques [4-6]. 

In semiconductors, excitons are quasi-particles that form 
when electrons and holes are bound due to the Coulomb inter- 
actions. In 1D semiconductor structures, due to the quantum 
confinement, the excitonic effects on the optical spectra are 
greater than those in three-dimensional and two-dimensional 
structures [7-9]. The signatures of excitons appear in the 
optical absorption spectra of direct-gap semiconductors, e.g. 
GaAs, showing a sharp peak several meV below the band gap 
energy. 

Many-body effects play important roles in the light- 
semiconductor interactions, such as excitonic nonlinearity, 
band-gap renormalization (BGR) and Coulomb screening. 
These complicated many-body phenomena can be revealed by 
optical spectra [10-12]. In a typical experiment by simulta- 
neously measurements of the absorption and photolumines- 
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cence (PL) spectra, the peaks induced by excitons in low car- 
rier density and plasma in very high density are observed [11]. 

It is therefore necessary to apply reasonable many-body the- 
ory to understand the observed features in the optical spectra of 
QWkRs. Under Hatree-Fock approximation, the Semiconduc- 
tor Bloch Equations (SBEs) are good enough for calculationg 
the excitnoic nonlinearity, phase-space filling and the band gap 
renormalization [13, 14]. However, the absorption line width 
in SBEs is treated by just a phenomenological input parame- 
ter with the carrier-carrier scattering being neglected. Thus, 
a theory describing carrier-carrier scattering in a higher order 
approximation is needed. 

In this paper, a theoretical method based on quantum kinetic 
equation is applied to the calculation. The carrier-carrier scat- 
tering is treated by the second Born approximation (SBA) in 
the Markovian limit [15-20]. 


I. MODEL AND NUMERICAL METHOD 


In our scheme, the quantum kinetic equation for micro- 
scopic polarization pķ is given by [15-20] 


, ODk 
ine =hwy,pe — hOx(1 — fek — fak) 
; (1) 
— iħAkkpk + th 5 Age Pk’, 
kk 
where 
hw = eek + enk + Ax + Ego (2) 


is the renormalized transition energy, w} is the corresponding 
renormalized transition frequency, and 


Ay =- 5 Vik- (fem + fok’) (3) 
T 
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is the exchange self-energy contribution to the renormalized 
band gap energy. The renormalized Rabi energy is 


AO: = devégexp(—iwt) + 5 Viki —k| Dk’ (4) 
k'#k 


In Eqs. (1)- (4), k is the momentum, A is the Planck’s con- 
stant, €e% and enx are the single-particle energy of electrons and 
holes. The band gap energy at zero carrier density is defined as 
E4go.V is the effective Coulomb potential. In 1D systems, the 
Coulomb interaction is treated as effective interaction by av- 
eraging the three-dimensional Coulomb interactions over the 
electron and hole wave functions along the lateral directions. 
The distribution functions of electrons and holes are defined as 
fek and fng. Under quasi-equilibrium conditions, both the dis- 
tribution functions can be described as Fermi-Dirac functions 
and nearly time-independent. dey is the dipole matrix element 
between the electrons and holes. ĉo and w are the amplitude 
and frequency of electric part of the applied optical field. The 
catrier-carrier scattering gives rise to the last two terms in the 
RHS of Eq. (1), which can be divided into diagonal (AA,,) and 
non-diagonal terms (AAkg). 

The diagonal and non-diagonal contributions due to carrier- 
carrier scattering are 


hase = X, X) Vl) - Fa,vVs(9)Vs(k — k" +a)) 


a,b=e,h k” q40 
x g(d€)[fak+g(1 — fok”) fokra + (1 — fa,k+a) 
x foal — fok” -a)l 


(5) 
and 
PA = XO XO (2V (a) — ôa p Vs (q) Vs(k — k" + a)) 
a,b=e,h k" 
x g(—de)[(1 a faw) = Jok”) fok” -q 
+ fask fo” (1 — fo,k”—a)], 
(6) 


where q = k’ — k, Vs (q) = V(q)/éq is the screened potential, 
with £q being the static dielectric function using Lindhard for- 
mula in plasmon-pole approximation [13]. ĝa,» is Kronecker 
delta function and g(ĝ£) = limy—oi/ (ðe + iv) is the Heitler- 
Zeta function, with ÔE = eak + ebk’ — Cak+q — €bk'—q and V 
being a small constant. 

To solve Eq. (1) numerically, we convert it to the numerical 
solution of the equation of microscopic susceptibility 


So (tw Sem — Hey xn (w) = —(1 — fer — far)dev- (7) 
k! 


The effective Hamiltonian is denoted as 


Age =(€ek + enk + Ag + Ego)ðke — (1 — fok — fak) Vik-r'| 
— iħAkkôkk + iħAkk'. 
(8) 
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The absorption coefficient can be calculated by 
HL few — fam) D>, OF, 
hw — Ej , 
(9) 


/ 
a(w) x Im | X` Ide 2 
j 


where bh and oi. are the 7-th left and right eigenvector corre- 
sponding to the effective Hamiltonian H ae and E; is the j-th 
eigenvalue. The symbol Im means taking the imaginary part of 
a complex function. Since the effective Hamiltonian is com- 
plex, the eigenvalues and eigenvectors are complex numbers 
and complex vectors, respectively. Different from the situation 
of Hartree-Fock level, no phenomenological damping param- 
eter is needed here. The absorption line width is attributed to 
the complex part of Fj. 

Numerical calculations are carried out for a typical rectan- 
gular cross-section GaAs quantum wire with the following pa- 
rameters: Ego = 1.5eV, the dielectric constant £o = 13.74, 
the cross-section length /, = 14nm and width ly = 6nm, and 
dep = 4.33 eA. The effective masses of electrons and holes are 
Me = 0.0665mp and mp = 0.457mo , where mo is the mass 
of an electron in free space. 


Ill. RESULTS AND DISCUSSION 


Figure | shows the calculated absorption spectra of the 
GaAs QWR for different carrier densities at T = 60 K and dif- 
ferent temperatures of at ne = np = 0.2 x 10°cm™!. A strong 
absorption about 20 meV below the bang gap is ascribed to ex- 
citons.In Fig. l(a), the intensity of excitonic peak decreases 
with increasing carrier density, with an almost constant peak 
position energy. stays nearly constant. On the other hand, 
SBEs theory predicts a large red shift in excitonic absorption 
peak with increasing carrier density. This can be understood 
by the overestimate of renormalization of the band gap. The 
present approach shows constant excitonic absorption peak, 
which agree well with experiment results. Since exciton is 
an electrically neutral quasi particle, the Coulomb interaction 
has little dependence on the carrier density resulting in a con- 
stant exciton energy. At the carrier density of ne = ny = 
0.2 x 10®cm7!, when the temperature increases, the excitonic 
absorption peak shows a red shift. Moreover, the peak width 
increases with temperature, indicating stronger carrier-carrier 
scattering at higher temperatures. From the experimental re- 
sults of a QWR by the systematic micro-PL method, the exci- 
tonic peak shows its stability [11] which is a good proof of our 
theoretical results. 

Figure 2 shows data of the peak position energy at T = 60K 
(Fig. 2(a)) and at carrier density of ne = ny» = 0.2 x 106 cm7! 
(Fig. 2(b)). Each error bar in the minus and plus direction de- 
notes the lower and upper half-widths of the peak. At constant 
temperature of 60K, the peak energy changes little, and the 
peak width increases slightly, with carrier density changing. 
At constant carrier density of ne = ny = 0.2 x 10° cm7}, the 
peak energy decreases with increasing temperature. Therefore, 
temperature affects the excitonic absorption peak energy more 
than the carrier density. 
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Fig. 1. (Color online) Absorption spectra of a rectangular GaAs semiconductor quantum wire: (a) different carrier densities at T = 60 K; (b) 
different temperatures at carrier density of ne = nn = 0.2 x 10° cm7!. 
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Fig. 2. (Color online) Excionic peak energy at (a) T = 60 K and (b) ne = ny = 0.2 x 10° cm7?. 
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Fig. 3. (Color online) Exchange self-energy, A; at k = 0 for (a) temperature T = 60K and (b) carrier density ne = na = 0.2 x 10°cm7!. 


For direct-gap semiconductors, the band gap is defined as energy difference between conduction band and valence band 
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at k = 0, i.e. center of the Broullion zone. Fig. 3 shows the 
exchange self-energy at T = 60K (Fig. 3 (a)) and at carrier 
density of ne = np =0.2 x 10°cm~! (Fig. 3 (b)). The energy 
depends differently on the carrier density and temperature. As 
the contributions from carrier-carrier scattering (Eq. (5) and 
(6)) are considered, the imaginary part of diagonal and non- 
diagonal terms will add additional energy shift for band gap. 
The exchange self-energy, the energy shift from scattering to- 
gether with the binding energy of excitons will finally deter- 
mine the excitonic peak position and width, as shown in Fig. 2. 


[1] Lutz G. Semiconductor Radiation Detectors: Device Physics, 
Berlin (Germany):Springer—Verlag, 1999, 79-331. 

[2] Ariyawansa G. Ph.D. Thesis, Georgia State University, 2007. 

[3] Owens A, Peacock A. Nucl Instrum Methods A, 2004, 531: 18— 
37 

[4] Okano M, Liu S M, Ihara T, et al. Appl Phys Lett, 2007, 90: 
091108. 

[5] Yoshita M, Liu S M, Okano M, et al. J Phys-Condens Mat, 2007, 
19: 295217. 

[6] Okano M, Yoshita M, Akiyama H, et al. Phys Status Solidi C, 
2011, 8: 20-23. 

[7] Ogawa T, Takagahara T. Phys Rev B, 1991, 44: 8138-8156. 

[8] Loudon R. Am J Phys. 1959, 27: 649-655. 

[9] Rossi F, Molinari E. Phys Rev Lett, 1996, 76: 3642-3645. 

[10] Akiyama H, Pfeiffer L N, Yoshita M, et al. Phys Rev B, 2003, 

67: 041302. 


Nucl. Sci. Tech. 25, 010201 (2014) 


IV. CONCLUSION 


In conclusion, a theoretical study is done on the absorption 
spectra of a GaAs QWR in different carrier densities or differ- 
ent temperatures. The excitonic absorption peak position and 
width show complicated behaviors as the temperature or car- 
rier density varies. This can be understood by the cooperative 
effects of exchange self-energy and Coulomb correlation due 
to carrier-carrier scattering. 
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